Exogenous administration of fi-adrenergic agonists has previously been reported to increase lung liquid clearance by stimulation of active sodium transport across the alveolar epithelium. We hypothetized for this study that endogenous release of epinephrine in septic shock would stimulate liquid clearance from the airspaces in rats. Liquid clearance from the air spaces was measured by the concentration of protein over 4 h in a test solution of 5% albumin instilled into one lung. Bacteremic rats developed severe systemic hypotension and metabolic acidosis that was associated with a 100-fold rise in plasma epinephrine levels. There was a 100% increase in liquid clearance from the airspaces of the lung in the bacteremic compared with control rats. To determine the mechanisms responsible for this accelerated lung liquid clearance, amiloride (10'-M), a sodium transport inhibitor, was added to the air spaces. Amiloride prevented the increase in liquid clearance from the airspaces, indicating that this effect depended on increased uptake of sodium across the lung epithelium. The addition of propranolol (10-4 or iO' M) to the instillate also prevented the acceleration in alveolar liquid clearance in the bacteremic rats. We conclude that the release of endogenous catecholamines associated with septic shock markedly stimulates fluid clearance from the distal airspaces of the lung by a 8-adrenergic mediated stimulation of active sodium transport across the epithelial barrier. This data provides evidence for a previously unrecognized mechanism that can protect against or hasten the resolution of alveolar edema in pathological conditions, such as septic shock, that are associated with the endogenous release of catecholamines. (J. Clin. Invest. 1994. 94:663-671.)
Introduction
The exogenous administration of 3-adrenergic agonists has been reported to stimulate epithelial sodium transport in vitro in iso-lated alveolar type II cells (1, 2) , in isolated perfused lungs (3, 4) , and in vivo in several species (5) (6) (7) including recent data from studies of the human lung (8) . In isolated alveolar type II cells, O-adrenergic agonists have been shown to accelerate sodium transport, probably by increasing intracellular cAMP concentration (1, 9, 10) . We have reported that administration of either terbutaline or epinephrine increased liquid clearance from the distal airspaces in normal sheep, an effect mediated through /3 receptors and dependent on an increased uptake of sodium across the lung epithelial barrier (5) . P-adrenergic agonists also increased liquid clearance from the distal airspaces in dogs (6) and rats (3, 7) .
The endogenous release of epinephrine at the time of labor has been associated with the onset of fluid reabsorption in the fetal lung (11, 12) , although recent studies indicated that epinephrine might not be the major stimulus for lung liquid reabsorption during labor (13) . Increased plasma levels of catecholamines occur in sepsis, the most common clinical disorder leading to the development of acute lung injury and pulmonary edema (14) . Therefore, we hypothesized that the endogenous release of catecholamines in sepsis may stimulate sodium transport and liquid clearance from the distal airspaces of the lung.
The first objective of the present study was to investigate whether the administration of gram-negative bacteria (P. aeruginosa) would stimulate lung epithelial liquid clearance and/or increase epithelial permeability to protein over 4 h in anesthetized rats. The results indicated that gram-negative bacteremia was associated with systemic shock and metabolic acidosis, but did not cause an increase in pulmonary epithelial permeability to protein. In fact, there was a marked increase in fluid clearance from the airspaces that was associated with a more than 100-fold rise in plasma levels of epinephrine. Therefore, the second and third objectives of these studies were to explore the mechanisms of this accelerated liquid clearance by administering a sodium transport inhibitor, amiloride, or a ,6-adrenergic antagonist, propranolol, into the distal airspaces of bacteremic rats. The fourth objective was to determine if this effect could be reproduced by administering a continuous infusion of epinephrine in normal rats. Finally, the fifth objective was to examine the effect of gram-negative septic shock on liquid clearance from the distal airspaces in rabbits, a species which is unresponsive to the stimulating effect of exogenous /3-adrenergic agonists on liquid transport across the pulmonary epithelium (15, 16) .
Methods
Rat studies SURGICAL PREPARATION AND VENTILATION Sprague Dawley male rats (n = 39) (range 300-350 g) were anesthetized with pentobarbital (60 mg/kg intraperitoneal) and anesthesia was maintained with half of this dose of pentobarbital every 2 h. A right carotid arterial line was inserted to monitor continuously systemic blood pressure and for blood sampling. Pancuronium bromide (0.3 mg/kg/h) was given intravenously for neuromuscular blockade. An endotracheal tube was inserted through a tracheostomy. The animals were supine and ventilated with a constant-volume pump (Harvard Apparatus, Inc., Millis, MA) with an inspired 02 fraction of 1.0, peak airway pressures of 8-12 cm H20 and positive end-expiratory pressure of 3 cm H20. The respiratory rate was adjusted to maintain the PaCO2 between 35-45 mmHg. All studies were approved by the UCSF animal care committee.
PREPARATION OF INSTILLATE
A 5% rat albumin solution was prepared using Ringer's lactate and adjusted with NaCl to be isoosmolar with the animal's circulating plasma as we have previously published (5, 6, 16) . The solution was filtered through a 0.2-Mm filter (Nalge Company, Rochester, NY) and 0.5 mg of anhydrous Evan's blue (to confirm location of the instillate at the end of the study) and 3 yCi of '251I-labeled human serum albumin (Merck-Frosst, Quebec, Canada) were added to the rat albumin solution. A sample of the instillate was saved for total protein measurement, radioactivity counts and water/dry weight ratio measurements so that the dry weight of the protein solution could be substracted from the final lung water calculation. In some studies (see below), amiloride or propranolol was added to the instillate.
GENERAL PROTOCOL
For all rat studies, the following general protocol was used. After surgery, a 1-h baseline of stable heart rate and blood pressure was required before alveolar liquid instillation. As a vascular tracer, 3 1iCi of 13'Ilabeled human albumin were injected intravenously. This vascular tracer was used to calculate the flux of plasma protein into the air spaces (see below). Then, in septic shock studies, one ml of 108 cfu of P. aeruginosa (PAO1, Fisher immunotype 7) was administered intravenously over 5 min. In control studies, 1 ml of isotonic saline was given over 5 min. Then, the animal was placed in right lateral decubitus position to facilitate liquid deposition into the right lung. The instillate (3 ml/kg of the 5% rat albumin solution with '251I-albumin) was delivered into the right lung over 20 min, using a 1-ml syringe and a polypropylene tube (0.5 mm ID). Blood samples were then obtained for '3'I-albumin and 1251_ albumin activity and blood gas every hour after the instillation.
The rats were studied for 4 h. Then, the abdomen was opened and the animal was exsanguinated. Urine was sampled for radioactivity counts. Right pleural fluid, and the liver were sampled for bacterial cultures. The lungs were removed through a sternotomy and liquid from the distal airspaces (0.1-0.2 ml) was obtained by passing a propylene tube (0.5 mm ID) into a wedged position in the right lower lobe. After centrifugation, the total protein concentration and the radioactivity of the liquid sample was measured. In a prior study, we reported that the concentration of the protein tracers in the liquid sampled by a small catheter wedged into the distal airways was the same as an alveolar micropuncture sample (6) . Right and left lungs were homogenized separately for total protein water-to-dry weight ratio measurement, radioactivity counts, and bacteriological cultures. SPECIFIC PROTOCOLS Group 1. Control studies (n = 7). After the baseline period, 3 ml/kg of a 5% rat albumin solution was instilled into the right lower lobe. Then, the rats were studied for 4 h. After this time interval, the rats were exsanguinated and processed as described above.
Group 2. Intravenous P. aeruginosa studies (n = 9). After the baseline period, 108 cfu of P. aeruginosa (PAO1, Fisher immunotype 7) were administered intravenously over 5 min before 3 ml/kg of a 5% rat albumin solution in Ringer's lactate was instilled into the right lower lobe. The size of the bacterial inoculum was selected so that blood and liver samples obtained at the conclusion of the experiments were culturepositive in all bacteremic rats. Then, the rats were studied and processed as described above. Group 3. Effect ofamiloride (10-3 M) pretreatment in rats receiving i.v. P. aeruginosa (n = 5). Amiloride (l0-3 M), a sodium transport inhibitor, was added to the instillate of bacteremic rats to determine whether the increase in liquid clearance from the distal airspaces in these rats was mediated by an increase in the active uptake of sodium across the alveolar epithelial barrier. Then, the rats were studied and processed as described above. The effect of amiloride in normal rats has already been studied by us (7) and other investigators (17) (18) (19) (20) . Approximately 30 to 70% of basal liquid clearance from the distal airspaces is inhibited by l0-3 M amiloride.
Group 4. Effect of propranolol (J0-4 or 10-5 M) pretreatment in rats receiving i.v. P. aeruginosa (n = 7). Propranolol (l0-' M) (n = 4) or (10-5 M) (n = 3) was added to the instillate of bacteremic rats to determine whether the increased liquid clearance from the distal airspaces was mediated through stimulation of ,3-adrenergic receptors by endogenous catecholamines. Then, the rats were studied and processed as described above. Propranolol has no effect on basal liquid clearance from the distal airspaces in sheep (5), rabbits (16) , and rats (7). Group 5. Effect of continuous i.v. infusion of epinephrine (n = 3). To confirm that epinephrine is capable of increasing liquid clearance from the distal airspaces in rats, a continuous i.v. infusion of epinephrine (0.5 tzg/kg/min) was given to non-septic rats. The dose was selected to result in plasma levels of epinephrine comparable with those measured in the bacteremic rats. Then, the rats were studied and processed as described above.
Rabbit studies SURGICAL PREPARATION AND VENTILATION
New Zealand white rabbits (n = 7) (range 3-4 kg) were anesthetized with pentobarbital (50 mg/kg i.v.) and anesthesia was maintained with 5-10 mg/kg of pentobarbital administered intravenously every 2 h. A right carotid arterial line was inserted to monitor systemic blood pressure and for blood sampling. Pancuronium bromide (0.3 mg/kg/h) was given intravenously for neuromuscular blockade. An endotracheal tube was inserted through a tracheostomy. The rabbits were supine and ventilated with a constant-volume pump (Harvard Apparatus, Inc.) with an inspired 02 fraction of 1.0, peak pressures of 12-15 cm H20 and positive endexpiratory pressure of 3 cm H20. The respiratory rate was adjusted to maintain the arterial PCO2 between 35-45 mmHg.
PREPARATION OF INSTILLATE
The preparation of the instillate was similar to that described above for the rat studies, but did not contain the '251-labeled human albumin.
GENERAL PROTOCOL
For all rabbit studies, we used the following general protocol. After surgery, a 1-h baseline of stable heart rate and blood pressure was required before the instillation of the protein solution into the distal airspaces of the lung. Then, in septic shock studies, one ml of 109 cfu of P. aeruginosa (PAO1, Fisher immunotype 7) was administered intravenously over 5 min. In control studies, one ml of isotonic saline was given over 5 min. Then, the rabbit was placed in the right lateral decubitus position to facilitate liquid deposition into the right lung. Using a 12-ml syringe and a pediatric feeding tube (SF), the instillate (3 ml/kg of the 5% rabbit albumin solution) was delivered into the right lung over 20 min. After 4 h, the abdomen was opened and the rabbits were exsanguinated. The lungs were removed through a midline sternotomy and liquid from the distal airspaces was obtained by passing a pediatric feeding tube (SF) into a wedged position in the right lower lobe. After centrifugation, the total protein concentration of the liquid sample was measured.
SPECIFIC PROTOCOLS Group 1: Control studies (n = 4). After the baseline period, 3 ml/kg of a 5% rabbit albumin solution was instilled into the right lung of three rabbits. Also, an additional rabbit was given a continuous infusion of epinephrine at the same dosage as used in the rat experiments (0.5 tig/ kg/min). The rabbits were studied for 4 h, and then were exsanguinated and processed as described above.
Group 2. Intravenous P. aeruginosa studies (n = 3). After the baseline period, 109 cfu of P. aeruginosa (PAO1, Fisher immunotype 7) were administered intravenously over 5 minutes before 3 ml/kg of a 5% rabbit albumin solution in Ringer's lactate was instilled into the right lung. Then, the rabbits were studied and processed as described above.
Measurements
Hemodynamics, pulmonary gas exchange, and protein concentration. Systemic arterial and airway pressures were measured at 30-min intervals. In all experiments, arterial blood gases were measured hourly. Initial and final blood samples as well as samples from instillate and final fluid sample from the distal airspaces were collected to measure total protein concentration with an automated analyzer (AA2 Technicon, Tarrytown, NY).
Lung endothelial and epithelial barrier protein permeability. Two different methods were used to measure the bidirectional flux of albumin across the lung epithelial barrier, as we have done before (5, 16, 21- The total quantity of '25I-albumin (the alveolar protein tracer) instilled into the lung was determined by measuring duplicate samples of the instilled solution for total counts (cpm/g) and then multiplying this data by the total volume instilled into the lung. To calculate the residual 125I-albumin in the lung after 4 h, the average radioactivity counts of two 0.5-g samples obtained from the lung homogenate (see below) was multiplied by the total volume of lung homogenate. The 125I-albumin in the lung homogenate data was added to the recovered counts in the final aspirate of alveolar fluid to calculate the amount of instilled 1251_ albumin that remained in the lung after 4 h. The 1251-albumin in the circulating plasma was measured from a sample of plasma obtained at the end of the experiment. The plasma fraction was accounted for by multiplying the counts/g times the plasma volume (body weight x 0.07
The second method required measurement of the vascular protein tracer, "1'I-albumin, in the final alveolar sample. The 13'I-albumin counts in the plasma over the course of the experiment were averaged, and the "1'I-albumin counts in the final airspace samples were expressed as a ratio to the plasma counts. In rat studies, liquid from the distal airspaces (0.1-0.2 ml) was obtained by passing a propylene tube (0.5 mm ID) into a wedged position in the right lower lobe. The sample was centrifuged and the radioactivity (counts/gram) of the supernatant were measured. This ratio provided a good index of equilibration of the vascular protein tracer into the airspace compartment, as we and other investigators have shown in other experimental studies of lung epithelial permeability (5, 25, 26) .
Trichloracetic precipitation established that protein tracers in the instillate, liquid from the distal airspaces, and plasma were always more than 98% protein bound.
Alveolar liquid clearance. The concentration of the instilled rat albumin and the instilled 1251-labeled human albumin over 4 h were used to measure liquid clearance from the distal airspaces, as we have done before (5, 16) . Because there was no change in lung epithelial permeability to protein in bacteremic rats (see results), this method is accurate to measure liquid clearance from the airspaces of the lung (25). The good correlation in the concentration of albumin the instilled rat albumin and '25I-labeled human albumin provides evidence of the reliability of this method (see Table 3 and Fig. 2 ). The term alveolar does not indicate that all fluid reabsorption occurs at the alveolar level. Some reabsorption may occur across distal bronchial epithelium. Lung liquid clearance (excess lung water measurement). To determine the extravascular water in the lung after 4 h in rat studies, standard methods were used, as in our prior studies (5, 22, 25, 27) . Before exsanguination, a blood sample was obtained to measure the hemoglobin concentration and the water-to-dry weight ratio of blood for the lung water calculation. Each lung was homogenized separately and the extravascular lung water determined by calculating the water-to-dry weight ratio. Briefly, the volume of the excess extravascular lung water (ELW) of the instilled experimental lung was calculated as the difference between the water-to-dry weight ratios of experimental and contralateral lungs multiplied by the dry weight of the experimental lung. The dry weight of the instilled experimental lung was corrected for the dry weight of the instilled protein remaining in the lung at the end of the experiment. To determine the mass of protein remaining, the dry weight of the instillate was multiplied by the fraction of '251I-albumin remaining in the lung. This value was then subtracted from the total dry weight of the experimental lung. The equation is: Excess extravascular lung water (ml) = [We/(De -P) -Wc/Dc] (De -P) in which W and D are extravascular lung water and blood-free dry weight of the experimental lung (e) and the control lung (c), P is the blood-free dry weight of the instilled 5% rat albumin solution multiplied by the fraction of 125I1 albumin remaining in the lung after 4 h. This equation does not account for the possibility that some of the circulating plasma may enter the instilled experimental lung. To estimate the quantity of plasma that entered the instilled lung, we measured the transfer of the vascular protein tracer, "1'I-albumin, into the extravascular spaces of the instilled lung (see above). In addition, changes in the water-to-dry weight ratio of the contralateral (noninstilled) lung caused by the i.v. administration of P. aeruginosa were used as an index of lung endothelial injury since the noninstilled lung did not have the confounding presence of the instillation of a protein solution into its air spaces. In preliminary experiments, we found that both lungs gained the same amount of water per gram of tissue over 4 h from the i.v. administration of P. aeruginosa.
Growth and culturing of live P. aeruginosa. P. aeruginosa, Fisher immunotype 7, (PAO1) was used for all these studies. This strain has been described previously (28) . These bacteria were maintained in peptone broth containing 25% glycerol at -70'C. Before an experiment, the organisms were transferred to blood agar plates (5% sheep erythrocytes) for 24 h. Overnight cultures were transferred to fresh medium, tryptone soy broth for another 24 h. On the day of experiment, the bacteria were centrifuged and resuspended to a final concentration of 1.0 x 108 cfu/ml (rat studies) or 109 cfu/mi (rabbit studies) in sterile phosphate buffered saline. Then, the Pseudomonas solution was centrifuged at 1,500 g for 15 min. The pellet of bacteria was washed twice with phosphate buffered saline, and was resuspended in the same solution.
Before intravascular injection, a sample of bacterial solution was taken for quantitative culture. Samples of blood and lung homogenate were obtained aseptically for culture at the end of the experiments. The concentration of bacteria was then quantified by plating successive 10-fold dilutions of the bacterial suspension onto sheep blood agar plates and by scoring visible colonies after 24 h incubation at 37°C. The results of these studies showed that I04-I05 cfu of P. aeruginosa were recovered per gram of lung homogenate, and there was no difference in the concentration of bacteria between both lungs. In addition, the final blood samples as well as the liver samples of bacteremic rats were always culture positive. In contrast, all bacteriological cultures done in control experiments remained negative. All colonies were also subcultured to identify P. aeruginosa organisms. Routine biochemical screening and antibiotic sensitivity testing were done to ensure the P. aeruginosa strain has not changed between experiments.
Determination ofplasma concentrations of epinephrine. In an additional eight rats, 1 ml of blood was collected in a heparinized tube just before, 2 and 4 h after i.v. administration of 108 cfu of P. aeruginosa (n = 3), Ringer's lactate (n = 2) or a continuous i.v. infusion of epinephrine (0.5 pg/kg/min) (n = 3). Also, in the seven rabbits that were studied, the plasma concentrations of epinephrine were determined using the same experimental protocol. Blood samples were immediately centrifuged at 5,000 g for 5 min at 4°C; 0.5 ml of plasma was transferred to an Eppendorf tube and quickly frozen to -70°C in acetone and dry ice. 
Results
Rat studies Effect of i.v. P. aeruginosa. The i.v. administration of high dose P. aeraginosa resulted in severe systemic arterial hypotension and metabolic acidosis after 4 h (Table I) . There was no significant change in the PaO2/FIO2 ratio in bacteremic compared to control rats. The cardiovascular changes were accompanied by the development of mild pulmonary edema as indicated by a 28% increase in the water-to-dry weight ratio of the non-instilled lung of bacteremic compared with control rats (Fig. 1 ).
8. Even though there was a moderate increase in extravascular lung water, a result consistent with the presence of lung endothelial injury and interstitial pulmonary edema, the lung epithelial barrier maintained its relative impermeability to protein since there was no increase in bidirectional protein flux across either the alveolar epithelial barrier (Table II) nor across the pleural space adjacent to the instilled lung (Table Ill) in bacteremic compared with control rats.
Liquid clearance from the distal airspaces was increased by nearly 100% in the rats with septic shock compared to the control rats (74±15% septic shock versus 42±8% controls, P < 0.01), as reflected by the rise in both the instilled albumin (Table IV) and the alveolar protein tracer ("2I-albumin) concentrations (Fig. 2) . There was also a similar increase in the independently measured mean lung liquid clearance in the bacteremic compared to the control rats (Fig. 3) .
The accelerated liquid clearance from the distal airspaces as the lung as a whole caused by i.v. P. aeruginosa was associated with a greater than 100-fold increase in the final epinephrine plasma levels measured in bacteremic rats (Fig. 4) . In contrast, there was no change in plasma levels of epinephrine in the control rats (Fig. 4) .
Effect of amiloride pretreatment. To determine whether the increase in alveolar and lung liquid clearance in bacteremic rats was dependent on an increase in the sodium uptake by lung epithelial cells, amiloride (10-3 M) was added to the albumin solution instilled into the air spaces of bacteremic rats. Amiloride completely prevented the increase in liquid clearance from the distal airspaces found in the bacteremic rats; the increase in the instilled albumin (Table IV) and the alveolar protein concentrations ( Fig. 2) were similar to studies in control, nonseptic rats. In addition, this effect of amiloride on liquid transport across the lung epithelium was confirmed by the measurement of lung liquid clearance (Fig. 3) .
Effect of /3-adrenergic antagonist pretreatment. Since the increased liquid clearance from the distal airspaces in bacteremic rats was dependent on an increase in sodium uptake by lung epithelial cells, we tested the hypothesis that the effect was mediated by stimulation of /-adrenergic receptors on the plasma membrane of lung epithelial cells by adding propranolol (Table IV, Fig. 2 ). Similar results were obtained for lung liquid clearance (Fig. 3) . no increase in bidirectional protein flux across the lung epithelial barrier compared to controls, and the decrease in systemic arterial pressure and in blood arterial pH was comparable with the data in the bacteremic rats instilled with a protein solution alone.
Effect of epinephrine infusion. To confirm that epinephrine can stimulate liquid clearance from the distal airspaces, a continuous i.v. infusion of epinephrine (0.5 ,ug/kg/min) was administered to nonseptic rats, resulting in plasma levels comparable to those measured in the bacteremic rats (Fig. 4) . This dose of epinephrine caused a significant increase in the liquid clearance from the distal airspaces, as demonstrated by an increase in the instilled to final rat albumin (from 4.6+0.2 to 13.7±2.0 g/100 ml, P < 0.05) and alveolar protein tracer concentrations (Fig.  2 ) compared with those measured in control rats ( (Table V) , even though the plasma levels of epinephrine measured in these experiments (Fig. 5) were comparable to those in bacteremic rats (Fig. 4) . One nonbacteremic rabbit was given a high dose of epinephrine (0.5 jig/kg/min) (Fig. 5) , and there was no increase in the instilled to final rabbit albumin concentration compared to the controls.
Discussion
The overall objective of these experiments was to test the hypothesis that the endogenous release of catecholamines associ- Time (hours) Figure 5 . Individual plasma levels of epinephrine in control rabbits (n = 3, o), bacteremic rabbits (n = 3, o), and in one non-bacteremic rabbit given a continuous i.v. infusion of epinephrine over 4 h (A). The i.v. administration of high dose P. aeruginosa caused a more than 100-fold increase in the plasma levels of epinephrine over 4 h in anesthetized rabbits.
ated with the development of septic shock would stimulate the removal of excess fluid from the distal airspaces of the lung. We and other investigators have previously reported that the exogenous administration of f3-adrenergic agonists stimulates active transport of sodium across the epithelial barrier of the lung in vivo in several species (5) (6) (7) as well as in perfused rat lung models (3, 4) . Rabbits, however, do not increase fluid clearance from the distal airspaces of the lung in the presence of 3-adrenergic stimulation (15, 16) . In other animal studies, endogenous release of catecholamines during labor has been associated with reversal of the direction of volume flow across the lung epithelial barrier from chloride secretion to sodium and fluid absorption (1 1-12) , although recent studies indicated that epinephrine might not be the major stimulus for lung liquid reabsorption during labor (13) . However, there are no studies investigating the hypothesis that endogenous release of catecholamines in sepsis would stimulate liquid transport across the mature pulmonary epithelium. Therefore, the first objective of these studies was to investigate whether high dose i.v. live P. aeruginosa would stimulate lung epithelial liquid clearance and/or increase the pulmonary epithelial permeability to protein over 4 h in anesthetized rats. The results indicated that there was no increase in the lung epithelial permeability to protein in bacteremic compared to control rats, despite the development of systemic hypotension, metabolic acidosis and mild pulmonary edema (Table I and Fig. 1 ). The mild pulmonary edema is consistent with the lung endothelial injury and interstitial pulmonary edema reported in prior studies in which i.v. P. aeruginosa was given to sheep (30) . Since the lung epithelium maintained its relative impermeability to protein in the bacteremic rats, we were able to use the increase in the instilled albumin concentration as a reliable estimate of the liquid clearance from the distal airspaces of the lung, as we have done before (5-7, 16, 21, 22) . Measurements of the alveolar protein concentration indicated that there was a i nearly 100% increase in the transport of liquid across the lung epithelial barrier, which was associated with more than a 100-fold increase in plasma levels of epinephrine (Table IV, Fig.  4 ). These results were confirmed by comparable changes in the instilled alveolar protein tracer ('25I-albumin) concentration (Fig. 2) , and in the independently measured lung liquid clearance (Fig. 3) .
There are two major discoveries in these studies. First, the preservation of an intact lung epithelial barrier in pathological conditions appears to be essential for efficient liquid clearance from the distal airspaces, as others have suggested (31, 32) . This is supported by our previous observation that resolution of pulmonary edema occurred faster in patients with acute lung injury who had an increase in alveolar edema fluid protein concentration during the first 12 h after alveolar flooding compared with those who did not (33) . In fact, the alveolar and lung epithelium appear to be more resistant to injury than the lung endothelium. For example, we reported that clearance of excess protein and liquid from the distal airspaces was not affected by high doses of alveolar and/or i.v. endotoxin (25) nor by the absence of blood flow or mechanical ventilation for several hours in sheep (34) . However, when the lung epithelial barrier was injured by the instillation of live P. aeruginosa into the airspaces of sheep (25), or rabbits (35) , the increase in the lung epithelial permeability to protein was always associated with a decreased rate of transport of liquid across this barrier.
In the present studies, we have used labeled albumin to quantify bidirectional changes in lung epithelial permeability. The data indicate that there was no increase in the bidirectional movement of albumin across the pulmonary epithelium (Table II) or the pleural mesothelium (Table III) in bacteremic compared to control rats (Table II) .
Second, the present studies are the first demonstration that septic shock can stimulate transport of fluid across the lung epithelium. What mechanism is responsible for the increased liquid clearance from the distal airspaces observed in this model of sepsis in rats? This effect was not caused by a difference in the surface area instilled in bacteremic compared with control rats. First, the Evans blue dye added to the instilled albumin solution confirmed that the instillation was always done in the lower lobe of the right lung. Second, the coefficient of variation of the instilled rat albumin concentration measured at the conclusion of the control experiments was only 15% (Table IV) , whereas there was a nearly 150% increase in the final instilled rat albumin concentration measured in the bacteremic compared to control rats (17.6+6.5 vs 7.1+1.1 g/1l00 ml). Finally, we have previously reported that the liquid clearance rates from the distal airspaces were comparable after the instillation of 2 or 3 ml/kg of autologous serum into the airspaces of non-septic anesthetized ventilated rabbits (16) . Thus, we hypothesized that the endogenous release of catecholamines induced by high dose i.v. P. aeruginosa may be responsible for the increased transport of fluid across the lung and alveolar epithelium.
Therefore, the second and third objectives of these studies were to explore the mechanisms of this accelerated liquid clearance from the distal airspaces by adding either amiloride, a sodium transport inhibitor, or propranolol, a ,3-adrenergic antagonist, to the protein solution instilled into the distal airspaces of bacteremic rats. Amiloride decreased liquid clearance from the distal airspaces to a value that was less than but not statistically different from controls (Table IV, Fig. 2 ). Similar results were obtained for lung liquid clearance (Fig. 3) . In the present studies, l0-3 M amiloride was added to the instillate, but because amiloride is 50% bound to protein (36) , the effective concentration of amiloride was 5 x 10-' M. These results are in accordance with previous studies which have reported that amiloride reduced the basal rate of active sodium transport across the pulmonary epithelium by 30-70% in isolated rat lungs (17) (18) (19) (20) , as well as in rat, rabbit and sheep lungs in vivo (5, 7, 16) . In addition, amiloride (l0-3 or 10-' M) blocked almost completely (90%) the stimulation of liquid transport across the lung and alveolar epithelium induced by exogenous /3-adrenergic agonist in anesthetized sheep (5) and in isolated perfused rat lungs (3), as well as the epinephrine-induced reabsorption of fluid of the distal airspaces in mature fetal lung (37) . The mechanisms for the amiloride effect at these concentrations may include an inhibitory effect on conductive sodium channels on the apical surface of alveolar epithelial cells and/or an effect on the Na'-H' antiport system (36) . However, the response to ,6-adrenergic stimulation probably does not occur as the result of Na'-H' exchange stimulation because /-adrenergic agonists do not change the intracellular pH in alveolar type II cells (38) . Thus, our results indicate that the increased transport of fluid across the lung epithelium in bacteremic rats depends on sodium-dependent uptake by epithelial cells, an effect that probably depends on an increase in intracellular cAMP concentration.
After we established that the increased liquid clearance from the distal airspaces in bacteremic rats was dependent on an increase in sodium-dependent uptake by lung epithelial cells, we tested the hypothesis that the catecholamine effect was mediated by stimulation of 63-adrenergic receptors. We had previously reported that the increase in liquid clearance from the distal airspaces caused by the i.v. administration offi-adrenergic agonists in sheep was not dependent on changes in pulmonary hemodynamics, pulmonary blood flow, lung lymph flow or alveolar surface area, but was mediated through the activation of 6 receptors (5). In the present studies, propranolol (l0-4 or 10-5 M) was added to the instillate of bacteremic rats; propranolol prevented the increase in liquid clearance from the distal airspaces caused by i.v. P. aeruginosa (Table IV, Fig. 2 ). Similar results were obtained for lung liquid clearance (Fig. 3) .
These results deserve several comments. First, 63-adrenergic receptors have been shown to be abundantly present in alveolar walls of rat and human lungs (39, 40) , as well in membranes of freshly isolated alveolar epithelial type II cells (41) . In addition, immunohistochemical analysis has revealed that these ,6-adrenergic receptors are functional, since they respond to aB-adrenergic agonist with a rise in cAMP (42) . Second, we have previously reported that /3-adrenergic antagonists do not affect basal liquid clearance across the lung epithelium in normal anesthetized sheep (5), dogs (6), or rats (7). Also, in isolated alveolar type II cells, the presence of propranolol alone did not decrease the basal number of domes formed (1) . In the present studies, a racemic mixture of propranolol was used at two different concentrations (10-4 and 10-5 M). Since the (-) enantiomer of propranolol is the active form of the drug, and that propranolol is highly bound to protein (90-95%), the effective concentrations of propranolol used in bacteremic rats were in fact much lower (5 x 106 and 5 x 10' M, respectively), excluding an effect of propranolol independent of 63-adrenergic blockade (43) . Finally, we have previously reported that pretreatment with propranolol instilled into the distal airspaces of the lung at concentrations comparable to the present studies, almost completely blocked the effect of exogenous /3-adrenergic agonist therapy on lung liquid clearance in sheep (5) . Thus, our results indicate that the increased transport of fluid across the lung epithelium in bacteremic rats depends on sodium-facilitated transport out of the airspaces, an effect mediated through the stimulation of fi-adrenergic receptors situated in the alveolar walls of the lung. Interestingly, /-adrenergic agonists appear equally effective when given in the airspaces or in the circulating plasma, suggesting that receptors may be present on both sides of the epithelium (3, 5) .
The fourth objective of these studies was to reproduce the effect of augmented liquid clearance from the distal airspaces in bacteremic rats by administering to nonseptic rats a continuous infusion of epinephrine that would result in plasma levels of epinephrine comparable to the levels measured in the bacteremic rats (Fig. 4) . We specifically examined the role of epinephrine since this hormone is entirely derived from the adrenal medulla and, in contrast to norepinephrine, functions as a circulating hormone. In addition, the 32-adrenergic receptors, the most abundant in the alveoli (ratio 32-013: 3 to 1) (40) , are regulated by epinephrine while the PI3 receptors are under the control of norepinephrine (44) . The administration of 0.5 /ugI kg/min of epinephrine over 4 h caused a significant increase in the instilled rat albumin and protein tracer (1251I-albumin) concentrations comparable with the values measured in bacteremic rats (Table IV, Fig. 2) . Also, similar results were obtained for lung liquid clearance. These data are in accordance with the results of our previous study in which we reported that i.v.
terbutaline, administered at a comparable infusion rate (0.6 Jig/ kg/min), stimulated the transport of liquid across the lung epithelial barrier in anesthetized sheep (5) .
High plasma levels of catecholamines may lead to desensitization of the tissue response to /3-adrenergic agonists by uncoupling, sequestration, or absolute decrease in the number of /-adrenergic receptors (45 (49) , an effect blocked by /3-adrenergic antagonists (50) . However, although there was a decrease in the extravascular water lung content after vaginal delivery in newborn rabbits, /3-adrenergic antagonists did not cause a significant change in lung water content either at or after birth, regardless the route of delivery (50) . These results indicate that, in contrast to other mammals (including humans), another control system is more important than the sympathetic system in regulating lung water clearance at this stage of development in the rabbit. Our studies of experimental septic shock have important implications for septic shock in man. For instance, the endogenous release of catecholamines may have a role in minimizing the accumulation of alveolar edema during the early phase of sepsis in humans, particularly if there is minimal or no injury to the alveolar epithelial barrier. Interestingly, only one third of patients with septic shock develop clinical evidence of alveolar flooding (51) .
In summary, the results of these studies demonstrate that the endogenous release of catecholamines associated with early septic shock stimulates fluid clearance across the pulmonary epithelium. This effect is mediated through ,/-adrenergic receptors, and it depends on an augmented uptake of sodium by lung epithelial cells. Since our recent study indicated that /3-adrenergic agonist therapy stimulated epithelial liquid clearance in the isolated human lung (8) , the findings of this study strongly suggest that the endogenous release of epinephrine in human septic shock or in other pathological conditions, such as cardiogenic or traumatic shock, may result in an increase in the capacity of the lung epithelial barrier to remove excess alveolar fluid, a novel previously unrecognized mechanism promoting the clearance of alveolar edema.
